A hypersonic vehicle uses the airbreathing scramjet engine and the airframe and engine integrated design. Therefore, there is a strong cross-coupling effect among its aerodynamic force, thrust, structure, and control. The nonlinearity and uncertainty of the model cause difficulties in control system design. Considering the nonlinearity, coupling characteristics, and aerodynamic parametric uncertainty of its longitudinal dynamic model, we design the control law for its altitude system and velocity system based on the adaptive backstepping control method. Because of the feedback linearization method, we introduce the constraints of the flight vehicle's actuator into the design, obtaining the robust adaptive control system constrained by the actuator of the flight vehicle. To avoid the high-order derivation problem of the feedback linearization method and the derivation of the virtual control volume in adaptive backstepping control method, we use the arbitrary-order robust exact differentiator to solve the high-order derivatives in feedback linearization and utilize the command filter to obtain the virtual control volume and its derivatives. The simulation results show that the robust adaptive control system we designed can achieve the error-free tracking of altitude and velocity command. It can well overcome the influence of structural parameters, aerodynamic parametric uncertainty, and disturbances; meanwhile, the control command can satisfy the constraints of the actuator.
Introduction
A hypersonic vehicle flies fast and has a large altitude range, and its parameters vary with time greatly. When its flight attitude changes quickly, it is a highly coupled nonlinear time varying system. The traditional small disturbance linearization theory and the triple-path independent (comprehensive) control system design method based on the coefficient-freeze hypothesis are not pertinent. During the control system design, the coupling effect must be taken into account, and a complex system should be decoupled [1] .
The feedback linearization method, which is developed based on the differential geometrical theory, can achieve the precise linearization of the input and output of a nonlinear mathematical model through appropriate nonlinear state transformation and feedback transformation. It can not only effectively avoid neglecting errors caused by the high-order terms of a nonlinear model but also transform the complicated nonlinear problem of a hypersonic vehicle into a linear problem, thus achieving the decoupling of altitude and velocity. Wang and Stengel [2] designed a robust flight control system using integrated nonlinear dynamic inversion and estimated the robustness of the system using Mont Carlo method. Atassi and Khalil [3] studied the application of the feedback linearization method to different control systems and verified that it can achieve effective decoupling and coordinated control. Sigthorsson et al. [4, 5] studied a robust linear output feedback control and sensor placement for an airbreathing hypersonic vehicle. Taking into account the input coupling and modeling uncertainty problems that exist in the application of the feedback linearization method, Rehman et al. [6, 7] proposed the robust feedback linearization and minimax linear quadratic regulator (LQR) hybrid control method. Based on the feedback linearization, Sun et al. [8] designed an adaptive integral-sliding-mode fault-tolerant controller using robust fault-tolerant tracking 2 International Journal of Aerospace Engineering control method; it can effectively suppress external interferences and actuator failures.
Considering the strong coupling nonlinear characteristics of a hypersonic vehicle and its feedback linearization, we propose the backstepping control method, which is a very effective nonlinear robust control method. The backstepping control method is an adaptive controller design method proposed by Kokotoivc and his collaborators for solving nonlinear system control problems [9] . The design of a backstepping controller is a recursive process. It starts from the last step and from rear to front, repeatedly selects the appropriate Lyapunov function, recurses step by step to construct the auxiliary control input, and separates the design of a whole system into one of a series of low-order subsystems, eventually obtaining a stable control algorithm. The backstepping control method can guarantee the closed-loop stability and tracking progress of the hypersonic vehicle [10] . According to the Euler approximate and discrete model of a hypersonic vehicle, Gao et al. [11, 12] proposed the discrete adaptive control method based on the backstepping control method and carried out simulations to verify that the discrete adaptive control method can guarantee the agreement and final value boundedness between the tracking errors and fuzzy adaptive parametric errors. Jianfei et al. [13] proposed the adaptive backstepping terminal sliding mode control method for an uncertain nonlinear system with a class of strict feedback parameters, which enabled the last state of the hypersonic vehicle to converge within a limited time; the hypersonic vehicle was thus robust to both matching and nonmatching uncertainties. Xu et al. [14] [15] [16] [17] designed a discrete adaptive neural network controller based on backstepping theory for hypersonic vehicle. Using longitudinal dynamic model of hypersonic vehicle, Xu et al. [18] designed a MIMO adaptive sliding controller, which shows robustness for parameter uncertainty. Considering that the control system actuators and flight status of hypersonic vehicle are limited, Farrell et al. [19] [20] [21] proposed a new concept; they introduced constraints of actuators into the control law, using online estimation method, and introduced constraints of amplitude, angular velocity, and bandwidth into actuators and flight status of uncertain nonlinear systems, and then an adaptive backstepping controller with constraints was designed. Tee et al. [22] proposed a new backstepping method based on Barrier Lyapunov Function; it can solve control problems of nonlinear systems including output and state constraints. Therefore, to solve velocity and altitude tracking control problem of a hypersonic vehicle, we combine the feedback linearization method with the backstepping control method and introduce the actuator constraints into the control law design. This method can decouple the altitude and velocity of the hypersonic vehicle and enhance the control system's robustness to parametric uncertainty and its commandtracking speed, within a reasonable control command scope.
Longitudinal Model of Hypersonic Vehicle
We study the airbreathing generic hypersonic vehicle developed by the Multidisciplinary Flight Dynamics and Control Laboratory of California State University at Los Angeles (CSULA-GHV) [23, 24] ; its longitudinal nonlinear dynamics model is as follows:
Aerodynamic parameters are shown as follows: 
The model of an airbreathing engine can be equalized into a second-order model:
where and are the damping and frequency of the second-order model, respectively; is the command signal of engine fuel equivalent ratio.
Feedback Linearization Model of Hypersonic Vehicle
The feedback linearization model is based on the differential geometrical theory as shown in [25] . The model of hypersonic vehicle as shown in (1) and (3) is used to control its velocity and altitude , and the control inputs are its elevator angle and engine fuel equivalent ratio . Based on the differential geometrical theory, in order for the control inputs and to appear in the model, the velocity and altitude need to be differentiated, respectively, until the control inputs whose coefficients are nonzero appear, and then the nonlinear model is quasilinearized. The argument z = [ ] is selected to differentiate , and the results are as follows:
z appears in (3) and through (1) and (3) we can get thaẗ
In this way, the control input appears in thëexpres-sion; appears in thëexpression; that is to say, the input control appears after the flight velocity is differentiated three times.
By the same token, the altitude is differentiated, and the results are as follows: =̇sin +̇cos , (3) =̈sin + 2̇̇cos +̈cos −̇2 sin ,
wherëcan be expressed as =ż ,
The expressions of various state vectors in the above equations are given in [2] . Equation (6) shows that the (3) form appears in the (4) expression; namely, the control inputs and appear in the fourth-order differential expression of . This shows that the hypersonic vehicle has the relative order = 3 + 4 = , which means that the system has no intrinsic dynamic state and thus can satisfy the essentially necessary and sufficient conditions of totalstate feedback linearization and realize the input and output feedback linearization; namely, the control outputs and can be expressed as the explicit expressions of the control inputs and .
Assumingz 0 = [̈̈̈0̈0̈], together with (5), the dynamics equation of control output can be expressed as
21 22
If is reversible, then the feedback control law is
] ,
where^= [
(4) ] is the new control input. The above equation is the dynamic reverse model obtained with the precise linearization of the input and output of the hypersonic vehicle's longitudinal model (1) . If the output u in (10) is regarded as the feedback control input of the hypersonic vehicle's longitudinal model, then its control output is (8) , thereby realizing the decoupling of its altitude and velocity.
According to the flight conditions in Table 1 , the influence of rudder deflection to velocity system is calculated by (8) , where the engine fuel equivalent ratio is the balance value 0.3 during the cruise and changing range of the rudder is −20 degrees to 20 degrees (the results shown in Table 2 ). Definition 1. The upward deflection > 0 of the pitch rudder surface produces a downward steering force and the nose-up pitching moment relative to the mass center of the hypersonic vehicle. Table 2 shows that the influence of 12 × in velocity system is small and can be ignored.
The influence of engine fuel equivalent ratio to altitude system is calculated by (8) , where the input rudder deflection is the balance value of 10.5 degrees during the cruise and changing range of the engine fuel equivalent ratio is 0 to 0.5 (the results shown in Table 3 ). Table 3 shows that the influence of 21 × in altitude system is small and can be ignored. Then feedback linearization model can be described as
Design of Backstepping Controller [26, 27]
4.1. Velocity Control System. We use the backstepping control method to design the velocity tracking system and define = − , = [̇̈] ; then velocity tracking errors can be expressed aṡ1
Based on backstepping control method, we design the controller and transform the state coordinates of each subsystem in (12) to connect the above equation with the tranquility function of a virtual control system with the known Lyapunov function.
The velocity error variable is defined as follows:
where ( = 1, 2) is the virtual feedback. Because (13) is, in nature, a diffeomorphism, a tranquil equation (13) can guarantee a tranquil equation (12) .
The Lyapunov function of 1 is defined as 1 = 0.5 2 1 . The derivation of 1 produceṡ
The derivation of 1 produceṡ
where Φ 1 (⋅) is the designed class function [11] . 
where
2 and 2 > 0 are selected as design parameters.
The Lyapunov functions of 1 , 2 , and 3 are defined as 3 = 0.5
. The derivation of
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3 and 3 > 0 are selected as design parameters.
Therefore, (13) for velocity error tracking system has the Lyapunov stability. Definė3 =̇3 + 3 ; then , thus obtaining the altitude control system:
We have (4) in (11), considering that only 22 has uncertainty in the altitude system and assuming 4 =
0 + ( 21 ) 0 .
Step 1. 
The virtual control is selected as 1 =̇− 1 1 , and we obtaiṅ1
Step 2. 
The virtual control is selected as 2 =̇1 − 1 − 2 2 , and we obtaiṅ
Step 3. 
The virtual control is selected as 3 =̇2 − 2 − 3 3 , and we obtaiṅ
Step 4. The Lyapunov function is selected as
22 . The derivative of 4 iṡ
The command of elevator angle is selected as
Introducing (32) into (31), we havė
The adaptive law of the estimated parameter is modified aṡ
wherė4 ≤ 0; according to the Lyapunov stability analysis the altitude system is asymptotically stable.
Actuator Constraint Compensation.
The objective of this section is to ensure stability when actuator constraints are in effect. The actuator system is shown in Figure 1 . The filter [28] generates the command and command derivative while enforcing magnitude constraint. In the figure, is the elevator angle command; is the actual output of the filter;
is the bandwidth of the actuator, and is the damping coefficient.
We introduce the tracking error of input and output in the filter into the control law, based on which we obtain the altitude adaptive law and the actuator command with magnitude constraints. Definẽ4 = 4 − 4 , wherė
In
Step 3, the derivative of the Lyapunov function 3 iṡ
The virtual control is selected as 3 =̇2 − 2 − According to (32), the actuator command is selected as
Redefine the Lyapunov function in Step 4 as
22 , and the derivative of 4 iṡ
The adaptive law of the estimated parameter is modified aṡ2
The Arbitrary-Order Robust Exact Differentiator.
The main difficulty for the higher-order differentiator is the obvious differentiation sensitivity to input noise. We use the arbitrary-order robust exact differentiator [29] designed by Levant to differentiate the velocity command and the altitude command in the feedback linearization (3) and (4) . This differentiator [30] possesses the important features of finite-time exact convergence to the real values of estimated derivatives and the possibility to provide some degree of smoothness to the estimated signal.
We use and V to denote the scalar differentiator variables. If a certain signal ( ) is an th order derivative, then ( −1) ( ) has a definite Lipschitz constant > 0, thus having the following formulae for the differentiator of the number of orders:
. . .
If > 0 is sufficiently large, the convergence is guaranteed.
We take the velocity system as an example, and the altitude system has the same form. The 3rd-order differentiator built according to the following parameters and equations are used in the velocity system. The initial value 0 = 1 = 2 = 3 = 50, 0 = 0.1; another initial value is 1 = 2 = 3 = 0; = 1400, and the simulation step is 0.001 seconds. The altitude system has the same form:
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where 3 , 2 , 1 , and 0 are the estimations of (3) , (2) , (1) , and .
Simulations and Analysis

The Deflection Simulation of the Adaptive Backstepping
Control Method. The deflections and deflection values are given in Table 4 .
The control parameters are selected as follows: 
The command signals are hypersonic vehicle's altitude increases 1000 m and velocity increases 200 m/s, and these tracking command signals are joined through the following filter shown in (45):
The simulation results with backstepping controller are given in Figures 2 and 3 .
The simulation results show that, in its design process, the backstepping control method based on feedback linearization selects the feedback gains pertinent to errors and has a very small tracking error. Its velocity tracking error is within 0.15 m/s and the altitude tracking error is within 1 m throughout the flight. Meanwhile, all the state variables of the hypersonic vehicle can quickly approach their own stable values; the change in its angle of attack is within −0.5 ∘ to −1 ∘ ; thus its flight trajectory and attitude are coordinated. The deflection comparison results show that the backstepping control method can well suppress the uncertainties of structural parameters and aerodynamic parameters in the model of hypersonic vehicle and track its velocity and altitude, tracking errors being within the tolerable range, and that eventually all the state variables can reach their steady-state values.
Comparison with LQR Control
Law. According to [6, 7] , based on Section 3, we combine feedback linearization model with LQR control theory and design appropriate LQR control algorithm for altitude and velocity system. The control parameters are selected as follows: Consider the following interferences, such as gust, engine mounting deviation, wing mounting deviation, centroid deviation, and control system error. Each interference aforementioned can be converted to an equivalent additional rudder deflection, we assume that those interferences occur at 150 s from the beginning of the simulation (maximum deviation angle is 5 degrees and lasts for 10 seconds). Comparing the classical LQR control law and the adaptive backstepping control law with actuator constraints proposed in this paper, the results are shown in Figures 4 and 5 .
The simulation results show that the classical LQR control law and the adaptive backstepping control law with rudder system constraints based on feedback linearization have the same response characteristics for altitude and velocity command. However, after introducing interferences, tracking capability of LQR control law is poor, angle of attack changes intensely, which cannot meet the scramjet engine operating conditions, and large rudder deflection angle and engine fuel equivalent ratio are required to suppress the influence of interference. The control law proposed in this paper is insensitive to interferences, altitude and velocity control system can track the command signals quickly and exactly and have the ability to suppress interferences, and only small shake of angle of attack emerges, which does not affect the normal operation of scramjet engine; rudder deflection angle and fuel equivalent ratio are changing within a reasonable range; therefore, the new designed controller has strong robustness.
Conclusion
The distinct strong coupling between the airframe and the engine of a hypersonic vehicle and its large envelope flight characteristics create troubles for its altitude and velocity control. The paper uses the feedback linearization method to quasilinearize the nonlinear model and then the adaptive backstepping control with actuator constraints is designed as the outer-loop auxiliary controller. The simulation results show that, under the circumstance of parametric uncertainty and interferences, the hypersonic vehicle can steadily track its altitude and velocity commands signals with a quick speed. There is no steady-state error and tracking error is relatively small. All state parameters change within a reasonable range and reach a steady state value finally. When the hypersonic vehicle receives interferences, the new controller is insensitive to interferences and shows strong robustness. It can ensure the stability of angle of attack, and rudder deflection angle and fuel equivalent ratio change within a reasonable range. 
